In this paper, an evaluation method for measuring contact resistance of aluminum current collector surfaces in energy storage systems was established. Contact resistance was calculated by a combination of chronopotentiometry and AC impedance method. Also, we found that contact resistance is dependent on current density.
Introduction
Energy efficiency of electric vehicle batteries can be improved by reducing internal resistance. The internal resistance of a battery working at a large current is given by its contact resistance and solution resistance. Effective methods for measuring solution resistance are widely established, [1] [2] [3] however, an effective method for measuring contact resistance remains unestablished. For example, J. Illig et al., have reported measuring internal contact resistance of batteries using the impedance method. 4 Also, there are many papers which evaluate the contact resistance of current collectors and cathode mixtures through impedance analysis. 5, 6 However, all of these reports have been theoretical analyses using full cells, experimental approach has yet to be conducted.
In particular, there are few reports which focus on the contact resistance between aluminum current collectors and carbon conductive material in cathode, and evaluate which materials are most appropriate for the binder, carbon conductive material, and aluminum foil of a battery. Furthermore the effects of active materials, binders and surface oxide film on contact resistance have not been adequately discussed.
Therefore, in this study, we aim to empirically suggest an effective method for measuring the contact resistance between an aluminum surface and carbon conductive by suppressing battery reaction.
Experimental

Preparation of slurry
A cathode mixture slurry was prepared by mixing 96 wt% active material, 3 wt% carbon, and 1 wt% binder. Then, dispersion solvent was added to the mixture. In this experiment, lithium cobalt oxide (LiCoO 2 ) and lithium manganese oxide (LiMn 2 O 4 ) were used for the active material, acetylene black (AB) was used for the carbon conductive material, poly-vinylidene fluoride (PVDF) was used for the binder, and N-methyl-2-pyrrolidone (NMP) was used for the dispersion solvent.
Preparation of electrodes
Two types of current collectors were prepared using aluminum foil. Both sheets of aluminum foil were subjected to alkali degreasing as a pretreatment 7 and one was anodic oxidized to from a thick oxide film. Anodic oxidation was conducted using the constant-current method. The electrolyte used was 5 wt% aqueous ammonium adipate. 8 Anodizing was conducted using the constant current method. The current was set to 0.1 mA. The anodic current was supplied until the voltage reached 5 V. The anodizing ratio of oxide film of aluminum is 1.4 nm V ¹1 . 9 The aluminum foil current collectors were then coated with the cathode mixture slurry. The applied area S was 100 mm 2 . The drying condition of the electrodes was 30 minutes in 80°C under air atmosphere, and then, 60 minutes at 160°C in a vacuum. Figure 1 shows the dimensions of the electrochemical cells. The cells were assembled with 3 electrodes each. Platinum was used for the counter electrodes, silver was used for the reference electrodes, and the electrodes prepared in 2.2 were used for the working electrodes. In order to prevent a reaction resistance with the active material, 1 M 3-ethylmethylammonium 4-fluoroborate (TEMA BF 4 ) in propylene carbonate (PC) was used, since it does not contain lithium ions. Table 1 shows the formulas of the electrochemical cells. 
Preparation of electrochemical cells
Measurement of internal resistance
In this study, we was assumed an RC series circuit model for the calculation of internal resistance R. Two measurements for internal resistance R were attempted: cyclic voltammetry and chronopotentiometry. We examined how to more accurately separate internal resistance R in an RC series circuit. The cyclic voltammetry was conducted with a potential range between ¹0.5 and +0.5 V at potential scan rates of 0.5 V s ¹1 for 10 cycles. The internal resistance was calculated by the curve fitting method assuming the equivalent circuit in Fig. 6 . The internal resistance R of Fig. 2(a) was calculated by curve fitting assuming an RC series circuit of internal resistance R and electric double layer capacitance C dl with a parallel leak resistance R lc . The internal resistance R of Fig. 2(b) was calculated assuming an RC series circuit of internal resistance R and electric double layer capacitance C dl .
Chronopotentiometry was conducted using a constant current with a frequency of 0.1 Hz. We investigated the optimum conditions of current density by changing the current density from 2 to 0.2 A m
¹2
. Internal resistance R was measured by calculating the IR drop when the current direction was reversed.
Measurement of solution resistance
Two methods were attempted to measure solution resistance R ³ . First, solution resistance R ³ was calculated by using the cell constant method and then it was calculated by using the AC impedance method.
For the cell constant method, the cell constant was calculated assuming a plate model for Fig. 1 . The conductivity of the electrolyte was 13 mS cm
¹1
. The solution resistance R ³ was calculated from the conductivity of the electrolyte and the cell constant.
For the AC impedance method, an applied voltage of E p-p = 0.01 V p-p , and frequency f of 117 to 4500 Hz was used. The phase angle and amplitude flowing through the working electrode were read by a lock-in amplifier, and the R ³ of the real axis was calculated.
Calculation of contact resistance
Contact resistance R c at each current density was calculated using the following equation (1) .
The validity of Eq. (1) is explained in Section 3.4 Figure 2 shows the voltammograms of each active material. Each of the two cells used different active materials. (a) used lithium manganese oxide and (b) used lithium cobalt oxide. Internal resistance R of (a) and (b) were calculated by the curve fitting method. Therefore, it was demonstrated that internal resistance R of (a) was 460 ³ and internal resistance R of (b) was 250 ³, and that internal resistance R was different between the two types of active materials. Since lithium ions were not contained in the electrolyte, there was no reaction resistance R ct in the battery to effect internal resistance. However, as observed from Fig. 2 the curve fitting method cannot accurately produce voltammograms for the equivalent circuit in Fig. 6 . This is because, in the RC series circuit which is assumed here, the voltage dependency of the electric double layer capacitance and leakage resistance were not taken into consideration. Figure 3 shows the chronopotentiogram of electrode (a) in Table 1 . Internal resistance R was 770 ³ when using chronopotentiometry. Internal resistance R of (b) and (c) were 300 and 13000 ³ respectively using the same method. Since the IR drop in chronopotentiometry is immediately observable, internal resistance R can be measured more accurately than when using the curve fitting method.
Results and Discussion
Measurement of internal resistance
Measurement of solution resistance
The solution resistance R ³ calculated from the conductivity of the solution and the cell constant was 77 ³. However, in reality, the cells in Fig. 1 can not be applied to a plate model. One of the main reason for this is believed to be that the electric line of force of between the working electrode and counter electrode was not uniform.
While, internal resistance R of (c) was larger than (a) in Fig. 3 , the intercept of real axis R in (a) and (c) in Fig. 4 were 17 ³ nearly. Therefore, the intercept of real axis R observed must arise from the electrolyte. The intercept of real axis R is considered to be the solution resistance R ³ . When the oxide film was thicker, the phase angle ¤ changed according to frequency f, but the intercept of real axis R stayed the same. We can calculate both solution resistance R ³ and internal resistance R with the same cell. Therefore, the AC impedance method for measuring solution resistance R ³ has a higher accuracy than the cell constant method. Figure 5 shows the relationship between contact resistance R c and current density. We found that contact resistance R c was dependent on current density. Also, contact conductance G c was in proportion to current density.
Calculation of contact resistance
While chronopotentiometry was more accurate than curve fitting method, it was difficult to measure contact resistance R c at small current density j regions because the IR drop was too small to read accurately and bubbles were observed due to the decomposition of the electrolyte at large current density j regions. Therefore, chronopotentiometry is most suitable for measuring contact resistance R c at a current density of 1 to 10 A m ¹2 . Table 1 .
Electrochemistry, 82(5), 328-330 (2014) 3.4 The battery's electrode interface and the its equivalent circuit Figure 6 shows the schematic illustration of the battery's electrode interface and its equivalent circuit. The electrode consists of a positive active material, carbon conductive material, binder material, and an aluminum current collector. The equivalent circuit consists of R 1 , film capacitance C f , electronic resistance of active material R am , electric double layer capacitance C dl , reaction resistance R ct , and solution resistance R ³ . Here, it is considered that since the conductivity of the active material was very small at 10 ¹2 to 10 ¹6 S cm
¹1
, the flow of the electric current was minimal. [10] [11] [12] Furthermore, since in this study, the electrolyte permeated the whole cathode mixture electrode, we assumed that the resistance of the whole cathode mixture electrode can be neglected. Also, reaction resistance R ct can be neglected since the electrolyte does not contain Li ions. When reaction resistance R ct and electronic resistance of the active material R am are neglected, the internal resistance R of the equivalent circuit becomes R 1 plus solution resistance. R 1 is internal resistance R minus solution resistance R ³ . Contact resistance R c is R 1 multiplied by electrode surface area S [Eq. (1)]. In this study we focused only on the contact resistance R c of aluminum surfaces and carbon conductive materials.
The active material and binder material affect contact resistance R c between the aluminum current collector and the carbon conductive material. Contact resistance R c is seen to be semiconductive.
Conclusion
Contact resistance R c can be calculated using the AC impedance method and chronopotentiometry. For chronopotentiometry, a current density of 1 to 10 A m ¹2 is optimal. Table 1 . Figure 5 . Relationship of contact resistance and contact conductance to current density of electrode (a) in Table 1 . Electrochemistry, 82(5), 328-330 (2014) 
